Early life experience differentially shapes later stress reactivity, as evidenced by both animal and human studies. However, early experience-related changes in the function of central visceral neural circuits that control stress responses have not been well characterized, particularly in humans. The paraventricular nucleus of the hypothalamus (PVN), bed nucleus of the stria terminalis (BNST), amygdala (Amyg) and subgenual anterior cingulate cortex (sgACC) form a core visceral stress-responsive circuit. The goal of this study is to examine how childhood emotional and physical abuse relates to adulthood stressor-evoked activity within these visceral brain regions. To evoke acute states of mental stress, participants (n ¼ 155) performed functional magnetic resonance imaging (fMRI)-adapted versions of the multi-source interference task (MSIT) and the Stroop task with simultaneous monitoring of mean arterial pressure (MAP) and heart rate. Regression analyses revealed that childhood physical abuse correlated positively with stressorevoked changes in MAP, and negatively with unbiased, a priori extractions of fMRI blood-oxygen level-dependent signal change values within the sgACC, BNST, PVN and Amyg (n ¼ 138). Abuse-related changes in the function of visceral neural circuits may reflect neurobiological vulnerability to adverse health outcomes conferred by early adversity.
INTRODUCTION
Early life experiences have long-ranging effects, from alterations in molecular and cellular processes (Miller et al., 2011) to systems-level neural circuitries (Card et al., 2005) . Importantly, such early life effects shape trajectories of risk for physical and mental health outcomes (Heim et al., 2010) . The animal literature has demonstrated that early life experiences can specifically shape later-life and long-term patterns of stress reactivity. Animal studies utilizing various maternal separation paradigms, as well as studies examining naturally occurring variations in maternal care, have shown differential behavioral and physiological stress reactivity in the offspring (Meaney, 2001) . Studies in humans also demonstrate that early life stress, adversity and/or maltreatment associate with alterations in stress reactivity later in life (Heim et al., 2008; Lovallo et al., 2011) . However, early experience-related changes in the structure and function of stressrelated visceral neural circuits have not been well characterized.
Central visceral circuits encompass descending preautonomic circuits that orchestrate physiological outflow, and ascending viscerosensory circuits that relay information regarding body state from the brainstem to higher order brain areas (Saper, 2002) . Essential to these circuits are hypothalamic and limbic forebrain regions that reciprocally give rise to preautonomic projections and directly receive viscerosensory innervation (Card and Sved, 2011) . These brain regions include the paraventricular nucleus of the hypothalamus (PVN), bed nucleus of the stria terminalis (BNST), the central nucleus of the amygdala (CeA) and medial prefrontal cortex (mPFC) [the rat homologue of the human subgenual anterior cingulate cortex (sgACC)] (Card et al., 1993) . The PVN is uniquely capable of controlling both the neuroendocrine and autonomic components of the stress response and both the sympathetic and parasympathetic limbs of the autonomic nervous system (Herman et al., 2002) . Thus, regions that influence PVN activity are also important regulators of stress responses. The BNST directly and densely innervates the PVN (Dong et al., 2001b) and has an excitatory influence on the PVN and stress responses (Crane et al., 2003a) . The CeA does not innervate the PVN directly; however, it is heavily interconnected with the BNST (Dong et al., 2001a) , suggesting that it exerts its influence on PVN activity and stress responses via its connection to the BNST (Cullinan and Herman, 1993) . The mPFC directly innervates the BNST (Vertes, 2004) and has an inhibitory influence on BNST and PVN activity, as well as stress responses (Spencer et al., 2005) . Thus, these brain regions form an important visceral, stress-response network with the PVN as a proximal controller of stress responses and the BNST as the 'hub' region through which the CeA and mPFC communicate with the PVN .
Several animal studies have examined the influence of early life experience on the structure and function of these hypothalamic and limbic forebrain regions. Some studies have manipulated early experience using various postnatal maternal separation paradigms that increase or decrease the quality and/or duration of maternal care (Meaney, 2001; Macrí et al., 2004) . Two studies have demonstrated that maternal separation paradigms affect the circuit strength of preautonomic circuits originating within these regions of interest (ROIs) in neonatal and juvenile rats (Card et al., 2005; Banihashemi and Rinaman, 2010) . Further, other reports show that maternal separation paradigms relate to changes in neural activation within the CeA, BNST and PVN in response to both interoceptive and psychological stressors (Abrahám and Kovacs, 2000; Koehnle and Rinaman, 2010; Banihashemi et al., 2011) .
The goal of this study is to translate such findings from animals to humans using neuroimaging techniques. Here we examine how childhood abuse (i.e. emotional and physical) relates to adulthood stressorevoked activity within the PVN, BNST, amygdala (Amyg) and sgACC. Stressor tasks used in this study are cognitive conflict tasks that reliably evoke neural changes in the human brain (Sheu et al., 2012) , simultaneously increase heart rate (HR) and blood pressure, induce arousal, and decrease the perception of control (Gianaros et al., 2008; Gianaros et al., 2009a) . We hypothesize that childhood abuse (i.e. emotional and physical) is associated with altered cardiovascular stress reactivity and stressor-evoked activity within our ROIs in adulthood. We further hypothesize that childhood abuse will be associated with stressor-evoked connectivity between our ROIs and the hub, BNST.
METHODS AND MATERIALS Participants
Approximately 36 100 mass mailings were sent to residents of Allegheny County, PA, USA, with a 2% response rate. Of the 2%, 155 met all exclusion criteria and completed all protocols. Thus, participants were 155 adults, 78 men (mean AE s.d., mean age ¼ 40.18 AE 6.27) and 77 women (mean age ¼ 41.23 AE 6.03). Respondents to mailings were screened to exclude those with (i) a history of cardiovascular disease (including treatment for or diagnoses of hypertension, stroke, myocardial infarction, congestive heart failure and atrial or ventricular arrhythmias); (ii) prior cardiovascular surgery (including coronary bypass, carotid artery or peripheral vascular surgery); (iii) chronic kidney or liver conditions, Type I or II diabetes or any pulmonary or respiratory diseases; (iv) current psychiatric diagnoses of a substance abuse or mood disorder (including alcohol dependence, a somatization disorder, major depression or a subclinical depressive syndrome and panic or other anxiety disorders); (v) prior cerebrovascular trauma involving loss of consciousness; (vi) prior neurosurgery or any neurological condition; (vii) being pregnant (verified by urine test in females); (viii) having claustrophobia or metallic implants; or (ix) taking psychotropic, lipid lowering or cardiovascular medications.
Assessment of current psychiatric diagnoses of a substance abuse or mood disorder was confirmed on interview using the Patient Health Questionnaire (PHQ; Spitzer et al., 1999) , an inventory validated in outpatient (Spitzer et al., 1999; Kroenke et al., 2001; Lowe et al., 2004a) and community samples (Martin et al., 2006) for sensitivity and specificity against the Diagnostic and Statistical Manual of Mental Disorders IV (Lowe et al., 2004b) . The PHQ assesses depressive symptoms over the last 2 weeks, symptoms of anxiety over the last 4 weeks and signs of alcohol dependence over the last 6 months. Participants also completed inventories to characterize depressive symptoms, dispositional anxiety and core dimensions of personality. These inventories included the Beck Depression Inventory (BDI-II; Beck et al., 1996) , the trait versions of the Spielberger State-Trait Anxiety Inventory (STAI-T; Spielberger et al., 1970) and the NEO personality inventory (Costa and McCrae, 1992) .
The BDI-II assesses depressive symptoms; it is a 21-item questionnaire assessing the presence and severity of depressive symptoms over the past two weeks. Items are rated on a 0-3 scale, with higher scores indicating greater severity of symptoms. The BDI-II has high internal consistency ($0.9) and validity in both psychiatric and general populations (Lasa et al., 2000; Steer et al., 2000; Storch et al., 2004) . The STAI-I assesses anxiety; it is a 20-item instrument measuring the severity of anxiety experienced habitually (Spielberger et al., 1970) . Participants respond to each item by rating on a 4-point frequency scale ranging from almost never (1) to always (4). The STAI-T has high internal consistency and validity in both psychiatric and general populations (Rule and Traver, 1983; Oei et al., 1990; Usala and Hertzog, 1991) . The NEO is a 240-item questionnaire used to assess the following personality domains: Neuroticism, Extraversion, Openness, Agreeableness, and Conscientiousness. Items are scored on a 5-point Likert-type scale ranging from strongly agree to strongly disagree. Each personality dimension comprises six sub-dimensions or 'facets'. Individual facet scores are obtained by summing the items corresponding to each facet whereas domain scores are derived from summing the appropriate individual facet scores. (See Table 1 for participant information for these scales.).
Of the 155 participants meeting inclusion criteria, 70% (n ¼ 109) self-reported their ethnicity as Caucasian, 22% (n ¼ 34) as AfricanAmerican, 6% (n ¼ 9) as Asian, 1% (n ¼ 2) as multi-racial and 1% (n ¼ 1) of the sample did not endorse any category of ethnicity. Participants' average, seated resting systolic blood pressure/diastolic blood pressure was 121.44 AE 9.48/73.25 AE 8.80 mmHg (mean AE SD). This was determined by the mean of the last two of three seated clinic blood pressure readings obtained with an oscillometric device (Critikon Dinamap 8100, Johnson & Johnson, Tampa, FL) and taken 2 min apart after a $ 20-minute acclimation period. All participants provided informed consent after receiving an explanation of study protocols. They were also tested in compliance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and with the approval of the University of Pittsburgh Institutional Review Board.
Overview
Participants were tested in separate sessions. In one session, participants provided informed consent, demographic and medical histories and anthropometric measures. Participants also completed additional questionnaires to characterize psychosocial measures including childhood socioeconomic status (SES), as indicated by the highest level of parental education (9-point education scale; 1 ¼ no high school diploma, 9 ¼ doctorate), and participant SES, as indicated by the educational level achieved by the participant. Participants also completed the Perceived Stress Scale (PSS, 10-item version; Cohen et al., 1983) , which assesses recent levels of life stress experienced in the past month. The PSS contains items such as, 'In the last month, how often have you felt nervous and stressed', that participants respond to on a scale of 0 (never) to 4 (very often). In another session, participants underwent a functional neuroimaging protocol consisting of two functional magnetic resonance imaging (fMRI)-adapted cognitive stressor tasks, the Stroop and Multi-source interference tasks (MSIT; Bush and Shin, 2006; Gianaros et al., 2009b) . Each fMRI task was accompanied by simultaneous monitoring of HR and blood pressure (described below). For further descriptive information about participant characteristics, see Table 1 .
Childhood abuse assessment
Childhood abuse was assessed using the Childhood Trauma Questionnaire (CTQ), which has been demonstrated to have high test-retest reliability over time and high validity (Bernstein et al., 1994 (Bernstein et al., , 1997 . In this study, the subscales for physical (5 items) and emotional abuse (5 items) were used. Of the five physical abuse items, four are objective statements (e.g. 'I got hit or beaten so badly that it was noticed by someone like a teacher, neighbor, or doctor'), whereas the remaining statement is subjective (e.g. 'I believe that I was physically abused.') Of the five emotional abuse items, only two are objective statements (e.g. 'People in my family called me things like stupid, lazy, or ugly.'), whereas the remaining three statements are subjective (e.g. 'I felt that someone in my family hated me.') Participants respond to statements regarding childhood experiences on a 5-point Likert-type scales ranging from 1 (never true) to 5 (very often true). Thus, the range of scores for each subscale is from 5 to 25, with 5 indicating no maltreatment.
For the physical abuse subscale, scores are classified as four groups indicating the severity of the maltreatment: 5-7, none-minimal; 8-9, low-moderate; 10-12, moderate-severe; and !13, severe-extreme. Classification groups for the emotional abuse subscale are more Abuse and central visceral activity SCAN (2015) 475 stringent, with higher cutoffs to increase sensitivity and specificity (Bernstein et al., 1994) : 5-8, none-minimal; 9-12, low-moderate; 13-15, moderate-severe; and !16, severe-extreme. One participant with a physical abuse score indicating extreme physical abuse (¼24) was considered a statistical outlier (8.27 s.d. from the original mean) and was excluded from further physical abuse analyses. In our sample, the range of scores is 5-13 for the physical abuse subscale (mean AE SE, 6.11 AE 0.13) and 5-21 for the emotional abuse subscale (7.12 AE 0.23).
The majority of our participants fell in the 'none or minimal' range for physical abuse (83%, n ¼ 128/154), while 12% (n ¼ 18) were in the low to moderate range, 5% (n ¼ 7) were in the moderate to severe range, and 1% (n ¼ 1) were in the severe to extreme range. There was a similar trend for emotional abuse with the majority of our participants falling in the none or minimal range (80%, n ¼ 124/155), while 14% (n ¼ 21) were in the low to moderate range, 3% (n ¼ 5) were in the moderate to severe range and 3% (n ¼ 5) were in the severe to extreme range. As physical and emotional abuse were only moderately correlated (r ¼ 0.33), data from these subscales were treated separately.
fMRI stressor tasks For both the Stroop task and the MSIT, participants respond by pressing one of four buttons on a response glove. Both the Stroop task and the MSIT contain a congruent condition that serves as a control and a more demanding incongruent condition. The goal of both conditions of the Stroop task is to identify the color in which target words are shown by selecting one of four identifier words that name the color of the target word. In the congruent condition trials: (i) the target word is shown in a color that is congruent with the target word, and (ii) all identifiers are displayed in the same color as the target. In the incongruent condition: (i) the target word is displayed in a color that is incongruent with the color that the target word names, and (ii) all of the identifiers are displayed in colors that are incongruent with the colors that the identifier words name (Gianaros et al., 2008) . The goal of the MSIT is to identify the number that is different from two other numbers in a visual display by pressing one of the three buttons on the response glove. In this task, the buttons on the glove correspond to a specific number in the display (thumb button ¼ number 1, index finger button ¼ number 2 and middle finger button ¼ number 3). For all trials in the congruent condition, the target number in the display appeared in a location that was compatible with its position on the response glove. For all trials in the incongruent condition, the target number appeared in a position that was incompatible with its spatial position on the response glove.
During the incongruent condition of both tasks, each participant's accuracy at target word (Stroop) and number (MSIT) identification was titrated to and maintained at $50% by adjusting the inter-trial intervals (ITI). Thus, more accurate performance within a given incongruent condition prompted shorter ITIs and a shorter time in which to respond. During a practice session prior to the fMRI tasks, participants' performance was not titrated, and participants were not informed that their performance would be titrated in the incongruent condition during the MRI protocol. When participants gave an incorrect response, they were presented with a red 'X' on the display, providing them with negative feedback, and if they failed to respond, they were presented with the prompt, 'TOO LATE!'. To control for motor response differences between the incongruent and congruent conditions in both tasks, the number of trials presented in the congruent condition were matched to the number of trials completed in the incongruent condition. The two conditions are thus similar in stimulus and motor response characteristics, but different in demand.
The Stroop and MSIT tasks were separated by a 10-to 12-min recovery period. Each task lasted 9 min, 20 s and was composed of trials alternating between congruent and incongruent conditions. The congruent and incongruent conditions lasted 52 to 60 s and were preceded by a 10 -to 17-s period during which participants fixated on a cross-hair. The two tasks were counterbalanced across individuals. Thus, both tasks involve processing cognitive conflict, receiving negative feedback and responding under time pressure to unpredictable stimuli. Previous research with these tasks has indicated that the incongruent conditions of both tasks elicit subjective distress in that participants report experiencing significantly more 'unpleasantness', significantly increased arousal and significantly less control during the incongruent condition compared with baseline. Further, participants reliably exhibit significant increases on average in HR, as well as systolic and diastolic blood pressure during the incongruent condition compared with baseline (Gianaros et al., 2008 (Gianaros et al., , 2009a Sheu et al., 2012) .
Heart rate and blood pressure During fMRI, cardiovascular measures were taken intermittently using oscillometric methods used in our prior studies (Gianaros et al., 2009b (Gianaros et al., , 2011 . Oscillometric recordings of HR and mean arterial blood pressure (MAP) were taken from the brachial artery of the left arm (not used for task responding) with an automated monitor (model 3155MVS; In-Vivo Research, Orlando, FL). Resting HR and MAP were recorded every 2 min during an 8-min baseline during which structural brain images were acquired before the task. HR and MAP were recorded every 1 min during the task, such that cuff inflation coincided with the fixation period initiating each condition (this ensured that the conditions were matched for procedural effects caused by cuff inflation; Gianaros et al., 2005a,b) . Resting HR and MAP were computed as the average of the last two baseline recordings. Task-related blood pressure was computed as the average of the four recordings taken approximately at the end of each incongruent condition. Stressor-evoked cardiovascular reactivity, defined as a change from rest to the incongruent conditions of both tasks, was measured by subtracting baseline values from the incongruent condition values for both HR and MAP (Kamarck and Lovallo, 2003) . Abuse and cardiovascular reactivity analyses The change in HR during the Stroop task and the change in HR during the MSIT were significantly correlated (r ¼ 0.72, P < 0.01). Further, the change in MAP between the two tasks was also significantly correlated (r ¼ 0.79, P < 0.01). To increase the reliability of the following analyses, stressor-evoked changes in HR and MAP were averaged across tasks (MSIT and Stroop). To investigate how well abuse predicts stressorevoked cardiovascular reactivity, four hierarchical linear regressions were computed using the raw, uncategorized CTQ scores for either physical or emotional abuse as independent variables and either average change in HR or average change in MAP as dependent variables.
As demographic (e.g. gender and race) and psychosocial variables (e.g. childhood and adulthood SES and chronic stress) can influence cardiovascular reactivity (Gump et al., 1999; Barnes et al., 2000; Matthews et al., 2001) , the following variables were entered together as covariates: age, gender, race, perceived stress, highest parental education, participant educational level and either resting HR or MAP.
fMRI protocol and data acquisition fMRI data were acquired while participants performed the Stroop task and the MSIT within a 3-Tesla Trio TIM whole-body MRI scanner (Siemens, Erlangen, Germany), equipped with a 12-channel phased-array head coil. Blood-oxygen level-dependent (BOLD) images were acquired over the task periods with a T2*-weighted gradient-echo EPI sequence using the following parameters: fMRI data preprocessing fMRI data were preprocessed and analyzed with statistical parametric mapping software (SPM8; http://www.fil.ion.ucl.ac.uk/spm). Before analyses, BOLD images for each task were realigned to the first image of the series by 6-parameter rigid-body transformation. Realigned BOLD images were normalized to standard MNI space by the registration of each participant's T 1 -weighted structural image to an MNI template in SPM. In this process, the T 1 -weighted grey image was segmented from the MPRAGE and co-registered to the mean realigned BOLD images. The T 1 -weighted image was then registered to the SPM MNI grey template by nonlinear affine transformation; the registration was hence applied to normalize all BOLD images to the MNI template and rescaled to a voxel size of 2 Â 2 Â 2 mm. Finally, normalized images were smoothed with a 6 mm full-width-at-halfmaximum Gaussian kernel.
Neuroimaging analyses
After preprocessing, a contrast image reflecting relative task-related brain activity (i.e. BOLD signal change between congruent and incongruent task conditions) was estimated for each participant with the general linear model (GLM). To this end, task conditions as the regressors were modeled with rectangular waveforms convolved with the default SPM hemodynamic response function (HRF). The GLM-estimated statistical parameter maps were then used to calculate contrast images. Before estimation, low-frequency BOLD signal noise related to physiological artifact was removed by high-pass filtering (187-s cutoff). Serial BOLD signal autocorrelations were also accounted for by a firstorder autoregressive model. Additionally, regression vectors derived from the realignment preprocessing step were included in the GLMs to account for the variance of BOLD signal changes attributable to head movement. Data from 138 of the 155 participants were used for the following neuroimaging analyses, as these subjects had high quality images (i.e. free of movement-related or other artifacts) for both tasks. Parallel to the approach used in the cardiovascular reactivity analyses (see above), all fMRI analyses were performed with contrast maps that were averaged across the tasks (i.e. MSIT and Stroop task). This approach is supported by a recent study showing that the test-retest reliability and power in detecting activity is improved by aggregating data from both tasks (Sheu et al., 2012) .
Conjunction analysis
A conjunction analysis was performed to examine the extent of overlap of relative deactivation (Congruent>Incongruent) evoked by each task, thereby providing additional support for an averaged contrast map approach.
ROI analyses
To create regions consistent with the sgACC, BNST and PVN, ROIs were hand drawn using MRIcron on the ch2better template. The BNST and PVN ROIs were based on the depictions of these structures in Atlas of the Human Brain (Mai et al., 2008) . The BNST ROI was based on plates 18 (using Talairach reference systems, y ¼ À2.7 mm) through 24 (y ¼ þ 2.7 mm) and encompassed the central, medial, lateral and ventral divisions. The PVN ROI was based on plates 20 (y ¼ À1.3 mm) through 28 (y ¼ 8.0 mm) and included parvocellular, magnocelluar, dorsal and posterior subnuclei. The sgACC ROI was based on its depiction in Cingulate Neurobiology and Disease (Vogt, 2009 ). The Amyg ROI was derived from the SPM Anatomy toolbox using the 50% probabilistic map (Amunts et al., 2005; Eickhoff et al., 2005) . None of the four ROIs overlapped (Figure 1 ). Further details regarding hand-drawn ROI characteristics are displayed in Table 2 .
In order to acquire estimates of activity (activation or deactivation) from each of the four ROIs, a random effects analysis was conducted with an averaged contrast map of all participants. Clusters in each of the ROIs that displayed significant BOLD signal changes were identified by a t-test with a false discovery rate (FDR) of 0.05 for multiple comparison correction and a cluster extent threshold of 20 voxels. The individual BOLD signal change in each ROI was then described by the first eigenvariate of the adjusted contrast (adjusted for mean and covariates) in the cluster. Only significant deactivation (i.e. lower BOLD signal in the incongruent condition compared to the congruent condition), not activation, was detected in these four ROIs. The deactivation displayed within each ROI was bilateral except for that within the sgACC. Extracted parameter estimates of deactivation were significantly correlated across hemispheres of each ROI (left and right BNST, r ¼ 0.92; left and right PVN, r ¼ 0.96; left and right Amyg r ¼ 0.78; P < 0.01 for all ROIs) and were thus, averaged across hemispheres.
To investigate how well abuse predicts activity within our ROIs, eight hierarchical linear regressions were computed using the raw, uncategorized CTQ scores for either physical or emotional abuse as independent variables and activity within each of the four ROIs (sgACC, BNST, Amyg and PVN) as dependent variables. Consistent with abuse and reactivity analyses, the following variables were entered Abuse and central visceral activity SCAN (2015) 477 together as covariates: age, gender, race, perceived stress, highest parental education and participant educational level.
Whole-brain analyses
Main effects of the Stroop and MSIT tasks were reported previously in separate samples and sub-samples (Gianaros et al., 2008 (Gianaros et al., , 2011 . Accordingly, results from whole-brain analyses will not be described in detail in the present report, as whole-brain analyses and voxel-wise regressions were performed only to test whether our ROIs displayed significant stressor-evoked activity and correlate with abuse. To this end, contrast images (Incongruent vs Congruent) were submitted to a regression model in SPM8 in which either physical or emotional abuse was entered as a covariate of interest along with the same set of covariates previously entered in the ROI analyses. Main effects maps were used as ROIs in voxel-wise regressions in order to limit the analysis to areas of significant task activity. All whole-brain analyses were FDR corrected for multiple comparisons at 0.05.
Psychophysiological interaction analysis
For functional connectivity analyses, the first eigenvariate timeseries representing the BOLD signal for the BNST seed was extracted for each participant, for each task. Specifically, each time-series was extracted from the first principal component of BOLD signal activity of voxels within the BNST seed. Next, each BOLD signal time-series was meancentered and submitted to a deconvolution algorithm using the canonical SPM8 HRF. Following deconvolution, an interaction vector was created, which represented the product of the deconvolved BOLD signal time-series and a vector coding for task condition (1 for incongruent, À1 for congruent). The interaction vector was subsequently re-convolved with the SPM8 HRF, creating a so-called psychophysiological interaction (PPI) vector. Finally, all three vectors, corresponding to task condition (convolved with HRF), seed BOLD activity and the PPI task-by-seed BOLD activity term, were entered as regressors in orthogonal individual GLM design matrices, wherein one PPI GLM was executed for each participant, task and seed region. Individual GLMs were then estimated, and PPI contrast maps were generated. Hence, individual GLMs testing for PPIs would demonstrate that inter-regional and time-dependent covariation (functional connectivity) with our seed region was greater during the incongruent than during the congruent condition of the tasks (Stroop or MSIT). The PPI contrast maps for the Stroop task and MSIT were averaged for each participant and submitted to a random effects analysis to locate the cluster in each ROI that showed a significant PPI effect. The first eigenvariate of the PPI in each cluster was then extracted to examine the relationship between childhood abuse and stressor-evoked functional connectivity.
Whole-brain PPI analysis
Main effects maps were calculated using averaged task maps as an ROI, in order to limit the whole-brain PPI analysis to task-related activity only (i.e. to examine task-related functional connectivity within the context of task-related activity). Whole-brain voxel-wise regressions were performed with PPI data using the PPI main effects map as an ROI, in order to examine the relationship between childhood abuse and functional connectivity. All whole-brain PPI analyses were FDR corrected for multiple comparisons at 0.05. (See 'Abuse and functional connectivity' in 'Results' section for more details.)
RESULTS

Relationship between childhood abuse and cardiovascular reactivity
To test whether abuse predicts the change in HR or MAP from baseline to the incongruent conditions of the stress tasks above and beyond potential confounders (i.e. age, gender, race, perceived stress, highest parental education, participant educational level and resting HR or MAP), hierarchical linear regressions were performed (Figure 2 ). Emotional abuse (EA) was not a significant predictor of either change in HR ( ¼ 0.063, P ¼ 0.48, R 2 change ¼ 0.003; Figure 2A ) or change in MAP ( ¼ 0.13, P ¼ 0.12, R 2 change ¼ 0.01; Figure 2B ). However, although not a significant predictor of change in HR ( ¼ 0.104, P ¼ 0.22, R 2 change ¼ 0.01; Figure 2C ), physical abuse (PA) did significantly predict the change in MAP ( ¼ 0.172, P ¼ 0.03, R 2 change ¼ 0.028; Figure 2D ). Table 2 for ROI characteristics). 
Neuroimaging analyses Conjunction
The conjunction analysis revealed that the Stroop task and the MSIT elicited significant activity within all of our ROIs ( Figure 3A ). Wholebrain analyses of the averaged task maps confirmed that our ROIs overlap with areas of significant deactivation ( Figure 3B ).
Abuse and activity within ROIs Each ROI displays significant task-related deactivation ( Figure 4) ; extracted parameter estimates were used to perform hierarchical regression analyses examining whether abuse predicted activity changes within each ROI ( Figure 5 ). EA was a significant predictor of activity within the sgACC ( ¼ À0.206, P ¼ 0.026, R 2 change ¼ 0.036) and the Amyg ( ¼ À0.178, P ¼ 0.050, R 2 change ¼ 0.027), but not within the BNST ( ¼ À0.151, P ¼ 0.103, R 2 change ¼ 0.019) or PVN ( ¼ À0.175, P ¼ 0.055, R 2 change ¼ 0.026; Figure 5A -D). Wholebrain voxel-wise regression revealed similar results with significant voxels being located within both the sgACC and Amyg, but not within the BNST and PVN ( Figure 6A) .
In contrast to EA, PA was a significant predictor of activity changes within all of our ROIs: the sgACC ( ¼ À0.264, P ¼ 0.003, R Figure 5E -H). With increasing PA scores, all ROIs showed less stressor-evoked activity. Whole-brain voxel-wise regression with PA revealed similar results with significant voxels being located within all ROIs ( Figure 6B ).
Abuse and functional connectivity
Whole-brain PPI maps with BNST as the seed revealed significant connectivity with sgACC, PVN and Amyg ROIs (Figure 7 ). Using connectivity coefficients extracted from each ROI, multiple hierarchical regression analyses were performed that included all of the covariates. Results showed that neither EA nor PA significantly predicted connectivity estimates derived from the BNST seed.
Whole-brain voxel-wise regression with EA revealed that significant voxels overlapped with the sgACC at a significance level of P ¼ 0.01 (20 voxels), with no overlap within the PVN or Amyg. However, when the significance threshold was changed to P ¼ 0.05 (5 voxels), overlap also appears within the PVN. Whole-brain voxelwise regression with PA revealed no overlap within any ROIs at a significance level of P ¼ 0.05 (5 voxels). Thus, similar to regression analyses, in which connectivity estimates were derived from ROIs within a BNST seed PPI map, the effects did not indicate a predictive relationship between either EA or PA and functional connectivity.
Brain activity within ROIs and cardiovascular stress reactivity Interestingly, extracted activity from each of the ROIs significantly predicted the change in HR, but not MAP, from baseline to the incongruent condition (Figure 8 
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DISCUSSION Individuals with a history of childhood abuse display altered and/or dysregulated stress responses (Carpenter et al., 2007; Heim et al., 2010; Carpenter et al., 2011; Lovallo et al., 2011) . However, how early experience shapes central visceral circuits that control stress responses is still unclear (for review, see Rinaman et al., 2011) . The sgACC, BNST, PVN and Amyg form an integrated visceral circuit that is critical in the control of stress responses (Schwaber et al., 1982; Luiten et al., 1985; Ter Horst et al., 1989; Aston-Jones et al., 1999; Clayton and Williams, 2000; Rinaman et al., 2000; Dong et al., 2001b; Vertes, 2004) . Early life experience (i.e. postnatal maternal separation) has been shown to alter the developmental assembly and later structure and stress-induced activity of visceral circuits and brain regions (Card et al., 2005; Banihashemi and Rinaman, 2010; Koehnle and Rinaman, 2010; Banihashemi et al., 2011) . Our goal was to translate these findings to human studies by determining the influence of childhood abuse on stressor-evoked activity within and communication between central visceral brain regions. We hypothesized that individuals with a self-reported history of emotional or physical abuse would display altered responses to stress within these brain regions that would co-occur with altered cardiovascular stress reactivity. We also hypothesized that the functional connectivity of our ROIs to a hub ROI, the BNST, would be associated with childhood emotional and/or physical abuse.
Our results demonstrated that childhood physical abuse correlated positively with stressor-evoked changes in MAP, and negatively with BOLD activity within the sgACC, BNST, PVN and Amyg. In contrast, emotional abuse did not predict stressor-evoked cardiovascular measures but did correlate negatively with stressor-evoked activity within the sgACC and the Amyg. Lastly, stressor-evoked activity within all four ROIs correlated negatively with changes in HR.
Abuse and activity within ROIs A primary result from this study is that childhood physical abuse significantly predicts stressor-evoked activity within all four of our central visceral ROIs (Figure 5E-H) . Interestingly, our participants fall below the 'severe-to-extreme' range for self-reported childhood physical abuse, indicating that stressor-evoked activity within these visceral brain regions is sensitive to childhood physical abuse even at lower levels. Our results also show that childhood emotional abuse is also associated with stressor-evoked activity within the sgACC and Amyg, but not within the BNST and PVN. It is unclear why emotional abuse did not relate to activity in these regions as physical abuse did, however, this may be due to differences in severity, duration and frequency of abuse occurrence (Thompson and Kaplan, 1996; Heim et al., 2010) . As the PVN integrates control of neuroendocrine and preautonomic stress responses (Herman et al., 2002) and the BNST innervates the PVN directly (Dong et al., 2001b) , these regions can be considered more proximal to controlling orchestrated stress responses. Interestingly, emotional abuse influences the regions comparatively more distal to the control of stress responses, perhaps indicating that emotional abuse shapes the modulation of BNST and PVN activity indirectly, by influencing the sgACC and Amyg. During behavioral states of stress, the BNST has an excitatory influence on the PVN (Crane et al., 2003a) , and the sgACC has an inhibitory influence on PVN activity (Crane et al., 2003b; Spencer et al., 2005) , presumably via its innervation of the BNST (Spencer et al., 2005) . Thus, we hypothesized that abused individuals would display decreased activity in the sgACC, indicating less ability to inhibit the stress-promoting responses of the BNST and PVN, resulting in increased activity in BNST and PVN and heightened stress responses. However, the relationships between both types of abuse and ROI activity were consistently moderate and negative in magnitude, such that as emotional or physical abuse scores increased, the stressor-evoked activity within these regions decreased. Thus, our results were consistent with our hypothesis concerning sgACC, but not for the remaining ROIs. One interpretation of the decrease in ROI activity with increasing abuse scores is that childhood abuse has an inhibitory influence on the ROIs as a network. Further, limitations in the resolution of fMRI do not allow us to visualize the activity of the many distinct and heterogenous subnuclei comprising these ROIs (Dong et al., 2001b; Herman et al., 2002) , which could display different trends in activity.
Our results show that physical and emotional abuse predicts less Amyg activity in response to mental stress tasks. This contrasts with studies that have shown maltreatment-related heightened Amyg reactivity to a social threat task (McCrory et al., 2011; McCrory et al., 2013) . Potential explanations for this difference could be that our paradigms do not necessarily evoke threat per se and do not have a social evaluative component. Our demanding and conflict-based tasks involving time pressure and negative performance feedback also evoke HR and blood pressure responses that are unlikely to be evoked by emotional face-viewing paradigms. In addition, mental stressors do not engage the Amyg in the same ways as direct threat-based tasks, and they may also engage different amygdalar subnuclei (Kinzig et al., 2003; Wang et al., 2005) . For example, the main effects of our tasks Abuse and central visceral activity SCAN (2015) evoke a mean signal decrease in the Amyg, whereas social threat tasks and emotional face paradigms typically evoke a mean signal increase (McCrory et al., 2011; McCrory et al., 2013) . Thus, task differences may account for contrasting results in this context.
Abuse and functional connectivity
To understand how the communication between our ROIs is altered by childhood abuse, we investigated the extent to which the stressorevoked activity between the BNST and the other ROIs varied together using functional connectivity analyses. We had hypothesized particularly that BNST-PVN activity would be more tightly coupled in individuals with a self-reported history of abuse, which would be consistent with the notion that the BNST and PVN coordinate to promote the stress response (Crane et al., 2003a; Spencer et al., 2005) , perhaps contributing to heightened stress reactivity in these individuals. However, we saw no such predictive effects of abuse on stressor-evoked functional connectivity, which may be due to the limitations in the sensitivity of the analyses.
Abuse and cardiovascular reactivity
We found that childhood physical abuse is associated with a greater change in MAP from baseline to the incongruent conditions of the tasks (i.e. the Stroop and MSIT), but not the change in HR. This is consistent with a rat study in which 'handling' or brief postnatal maternal separation alters the change in MAP, not HR, in response to a conditioned fear stimulus (Sanders and Knoepfler, 2008) . Blood pressure and HR have distinct underlying autonomic influences [i.e. sympathetic and parasympathetic (vagal) innervation of the sinoatrial node controlling HR vs additional sympathetic innervation of the myocardium and vasculature controlling blood pressure]; this is supported by the moderate correlation (r ¼ 0.39) between the change in HR and the change in MAP. Thus, under some circumstances, the influence of childhood physical abuse on later cardiovascular stress reactivity may be concentrated on neural circuits that more closely relate to blood pressure or vascular regulation, rather than HR. The influence of early or cumulative adversity on stress reactivity later in life is an unclear issue in the literature, with some studies indicating increases in stressor-evoked cardiovascular activity and others indicating decreases (Carpenter et al., 2007; Carpenter et al., 2011; Lovallo et al., 2011) . These studies vary in their inclusion of individuals with prior history and/or current affective disorders, including depression and posttraumatic stress disorder. Thus, our results are novel in demonstrating that levels of childhood physical abuse that are considered below extreme are associated with comparatively larger changes across subjects in stressor-evoked MAP in a physically and mentally healthy sample.
Interestingly, our cardiovascular reactivity results contrast with our neural results in that childhood PA predicts increased stressor-evoked MAP while predicting decreased stressor-evoked neural activity within our ROIs. However, these findings can also be interpreted as increases in childhood physical abuse being associated with greater stressorevoked changes in MAP, as well as greater stressor-evoked changes in neural activity within our ROIs between incongruent and congruent conditions. Thus, there is consistency with physical abuse predicting greater relative reactivity changes both centrally and peripherally.
Brain activity within ROIs and cardiovascular stress reactivity Each of our ROIs is thought to be involved in the neural control of cardiovascular activity, as evidenced by research in animal models (Tavares et al., 2004; Crestani et al., 2009; Pyner, 2009) . Indeed, we found that activity within all of our ROIs significantly predicts the change in HR from baseline to the stress-inducing (i.e. incongruent) conditions. Interestingly, the same is not true for the change in MAP. One possible interpretation is that the change in MAP requires the recruitment of a network of brain regions involved in baroreflex control (Gianaros et al., 2011) or relates more closely to activity in subsets of voxels within or outside of our a priori anatomical ROIs, which would be identified with other analytical approaches (e.g. voxel-wise analyses) not used here. Thus, the extracted and aggregate activity of each ROI on its own may be unlikely to predict the change in MAP for these or other reasons.
Limitations of the study Limitations of retrospective reporting of childhood abuse We note that retrospective reporting of childhood adversity has limitations, namely retrospective recall, psychopathology-related memory impairment and potential false-negative results. Importantly, evidence supports the assumption that false-positive results are likely to be rare (Hardt and Rutter, 2004) . This is true particularly when participants are asked to report on salient issues (e.g. the occurrence of an event, such as abuse) and less so when participants are asked to report on details regarding the timing and duration of events (Brewin et al., 1993; Hardt and Rutter, 2004; Miller et al., 2011) . The reliability of retrospective reporting of childhood abuse is evidenced by good agreement between sibling retrospective reports of abuse, and prospectively collected court, clinic and research records (Bifulco et al., 1994; Bifulco et al., 1997; Hardt and Rutter, 2004) .
Limitations of using a healthy sample Our participants consisted of individuals that were not excluded for physical disorders, such as cardiovascular disease, and psychiatric diagnoses. Excluding participants with mental and physical health problems is likely to minimize the number of individuals that have experienced childhood abuse, as the occurrence of childhood abuse is associated with increased risk for poor physical health outcomes, including neurological disorders and cardiovascular disease (Danese et al., 2009; Wegman and Stetler, 2009; Fuller-Thomson et al., 2010; Midei et al., 2012; Rich-Edwards et al., 2012) and poor mental health outcomes, including depression and anxiety disorders (Hankin, 2005; Gibb et al., 2007; Springer et al., 2007; Rogosch et al., 2011) . Indeed, a majority of our participants experienced none to minimal levels of emotional and physical abuse. However, this can also be viewed as a strength of this study. Our study was able to examine the relationships between abuse and central and peripheral stressor-evoked activity with minimal confounding influences from physical or mental health problems.
There is a possibility that some of our participants have mental health disorders that we did not assess. Although we did not conduct a formal clinical interview for diagnostic purposes, we did administer other scales that provide for more complete sample characteristics. These include the BDI, STAI and NEO. Participants' scores fell within normative ranges across these inventories (Table 1) and do not suggest the presence of salient disorders, such as depression or anxiety disorders.
Although the majority of our participants' experienced low levels of childhood physical abuse, the possibility remains that they may be either resilient to mental or physical disorders or have not undergone stressors that would unmask any latent vulnerabilities to such disorders. Participants in this study were not excluded for having a history of affective disorders; thus, it is possible they may not be representative of a psychologically resilient sample. Further, the increased MAP reactivity in individuals with childhood physical abuse would appear to be inconsistent with the notion of physiological resilience.
Limitations of examining small ROIs
The small size of our ROIs is a limitation of this study, as it influences our ability to reliably localize these structures. Normalization and smoothing techniques decrease our ability to localize with certainly small structures such as the PVN and BNST. Given the size of our smoothing kernel (6 mm) and the size of our ROIs (Table 2) , the PVN's size and location make it perhaps the most difficult to localize. Given that our 'functional' PVN ROI may extend past the boundaries drawn, additional subnuclei of the hypothalamus may be included in this analysis, such as medial hypothalamic areas. These regions are also preautonomic (Goren et al., 1997) and receive input from the BNST (Dong et al., 2001b) . Thus, these regions are likely contributing to effects that are part of the circuit of interest. However, gaining anatomical precision in ROI analyses is a great area of interest that must be further explored in future research.
CONCLUSIONS
In conclusion, the results of this study suggest that childhood physical and emotional abuse influence stressor-evoked responses within visceral brain regions integral to the control of stress responses and that childhood physical abuse predicts greater stressor-evoked changes in MAP. This study is unique in examining physically and mentally healthy individuals, and in demonstrating that levels of physical abuse that are not considered extreme relate to stressor-evoked brain and cardiovascular activity. Further research is needed to investigate the underlying structural and phenotypic neural changes accompanying these abuse-related changes in stressor-evoked function. Thus, understanding abuse-related influences on central visceral circuits may provide insight into how early adversity heightens vulnerability to both physical and mental health problems.
